Identifying and characterizing projections from the subthalamic nucleus to the cerebellum in humans, NeuroImage (2020), doi: https://doi.Abstract 1 A connection between the subthalamic nucleus (STN) and the cerebellum which has been 2 shown to exist in non-human primates, was recently identified in humans. However, its 3 anatomical features, network properties and function have yet to be elucidated in humans. In 4 the present study, we quantified the STN-cerebellum pathway in humans and explored its 5 function based on structural observations. Anatomical features and asymmetry index (AI) 6
1 1. Introduction 2 Historically, the basal ganglia and cerebellum were considered to communicate only at the 3 level of the cerebral cortex and thought to be anatomically separate, with unique functions 4 through efferent projections to distinct thalamic nuclei (Jones, 1985; Percheron et al., 1996) . 5
However, an increasing number of studies in animals are showing the potential existence of 6 subcortical, or interconnected networks, between the basal ganglia and cerebellum (Bostan 7 and Strick, 2018; Hoshi et al., 2005) . The subthalamic nucleus (STN) efferent to the 8 cerebellum was proposed as a likely subcortical pathway. Through injections of rabies virus 9
in Cebus monkeys into Crus IIp, Bostan et al. (Bostan et al., 2010) labelled first-order 10 neurons in regions of the pontine nucleus (PN) and second-order neurons in contralateral 11 cortical areas and the basal ganglia, primarily in the STN; their study verified the presence of 12 subcortical connections between the basal ganglia and the cerebellum in primates, and 13
proposed that the basal ganglia and the cerebellum may be a part of the same system (Bostan 14 et al., 2010; Hoshi et al., 2005) . 15
Since the existence of the STN-cerebellum pathway was observed in primates, two studies 16 have investigated the STN-cerebellum pathway using diffusion tensor imaging (DTI) 17 maintain that the cerebellum is innervated by the STN ipsilaterally. As DTI can only estimate 21 the average diffusion tendency of a voxel, it cannot, in general, reliably decode situations that 22 would potentially decrease the tensor of the voxel such as fibers crossing, 23 origins/terminations near the gray matter, and dramatic curvatures within a given voxel. In 24 addition, a lack of mutual validation from multiple diffusion directions and multiple b values 25 typically results in multiple aberrant connections (Jones, 2008) . Hence, new approaches are 26 needed to determine both the fiber's trajectory and the termination points in the pathway 27 prefrontal cortex (mPFC) theta activity (Cavanagh et al., 2011) , therefore, DBS of the STN 5 has been used to treat obsessive-compulsive disorder (OCD) patients (Cavanagh et al., 2011; 6 Voon et al., 2017) . Regarding the Crus I/II, in humans, it was reported to serve as a hub 7 related to working memory, language, social, and emotion processing (E et al., 2014; together, the pathway might be involved in the processing of non-motor information, or more 10 specifically, decision-making process. For a better understanding of how the STN-cerebellum 11 pathway is involved during the non-motor procedure, we would quantify the structural 12 characteristics that serves as the basis of determining the function of the pathway in the 13 present study. such as diffusion spectrum imaging (DSI), or high angular resolution diffusion imaging 17 (HARDI) have been introduced. The implementation of these imaging techniques may allow 18 for more quantitative analyses of the STN-cerebellum pathway. Specifically, these techniques 19
can acquire enormous diffusion directions within a voxel in living humans. Combined with 20 quantitative anisotropy (QA)-based deterministic tracking methods (Yeh et al., 2013) , which 21 interpolate multiple orientations directly to a single voxel by taking the diffusion under 22 different b vectors into account, the trajectory and the anatomical features such as crossing 23 fibers, angular flipping fibers, and fiber termination/subcortical distribution can be reliably 24 replicated, and could be a reliable approach to quantify the white matter structure 25 Thus, in the present study, by using high angular resolution techniques, we verified the 27 anatomical trajectory, mediating nucleus and endpoints' distribution of the STN-cerebellum 28 pathway. Particularly, we explored the function of the pathway by carrying out experiments 29 to analyze the functional lateralization of the left and right STN, and the relationship between 30 the well-known global cortical-STN pathway and the STN-cerebellum pathway. The 31 potential clinical implications of the pathway are discussed. 
Materials and Methods

4
As gradient strength can promote the quality of diffusion images, to explore these tiny 5 connections, we extracted 30 subjects from the 35 groups of adult diffusion data released 6 from the Massachusetts General Hospital -Human Connectome Project (MGH-HCP) adult 7 diffusion database (https://db.humanconnectome.org) (Fan et al., 2016) . This dataset was 8 acquired using the Siemens 3T connectome scanner at the Massachusetts General Hospital 9
(McNab et al., 2013; Setsompop et al., 2013) . To the best of our knowledge, the gradient 10 strength of this dataset is the largest among the released data. Five subjects were excluded 11 from the analysis according to the following exclusion criteria: 1) images flipped in the DSI-12
Studio software; 2) file writing error when using the DSI-Studio software; 3) data had low 13 average QA values, suggesting the existence of head movements; 4) inability to access the 14 complete original b vectors temporarily. For individual data, fiber tracking was independently 15 performed on the individual quantitative anisotropy (QA) map in the native diffusion space 16 for each subject, to observe the trajectory of the pathways in individuals. For group analysis, 17 the individuals' QA maps were first normalized to the MNI QA map, and then averaged to 18 derive a group averaged QA map. After that, fiber tracking was performed on the group 19 averaged QA map in the MNI space to estimate the group-level connectome features (i.e., 20 fiber trajectory and endpoint distribution). Tract-based connectometry was performed later to 21 evaluate the connections. Furthermore, the different network and asymmetry properties of the 22 left STN (L-STN) and the right STN (R-STN) were demonstrated using quantitative methods. 23
A flow chart of the methods is shown in Fig. 1 
. The protocol was approved by the Ethical 24
Committee of Xuanwu Hospital. 25
Parameters of the MRI data 26
For diffusion images, a sequence of spin-echo echo-planar image was used; the parameters 27 were set as follows: TR/TE = 8800 ms/57 ms, FOV = 210 mm × 210 mm, voxel size = 1.5 28 mm × 1.5 mm × 1.5 mm. Five shells of b-values were 1000 s/mm 2 (64 directions), 3000 29 s/mm 2 (64 directions), 5000 s/mm 2 (128 directions), 10000 s/mm 2 (128 directions), and 30 10000 s/mm 2 (128 directions) respectively. Total acquisition time was 89 mins. T1 31 anatomical reference images were acquired with a TR/TE of 2530 ms/1.15 ms and voxel size 1 of 1.0 mm isotropic (for more details of the parameters, please visit 2 http://protocols.humanconnectome.org/HCP/MGH/). 3
Data preprocessing 4
Using DSI-Studio (http://dsi-studio.labsolver.org) software, we first reconstructed the spin 5 distribution function (SDF) (Yeh et al., 2010) in all the individual spaces. An optimized Q-6 sampling method, i.e., the "generalized q-sampling imaging" was used (Yeh et al., 2010) , the 7 diffusion sampling length ratio was 1.1, SDF tessellation was 20-fold, and the number of 8 resolved fibers was 10. These SDF maps were used to perform further fiber tracking to 9 evaluate the participant-specific trajectory of the pathway in individual subjects. 10
Second, we created a template containing the average SDF across all 30 participants. Each 11 SDF was projected to the Montreal Neurological Institute (MNI) space using the q-space 12 diffeomorphic reconstruction method (Yeh and Tseng, 2011) . The normalization algorithm 13 utilized was constrained diffeomorphic mapping, and the diffusion sampling length ratio was 14 1.2. After normalization, the 30 acquired SDF maps were averaged together to build a single 15 SDF template. This template was also used for further fiber tracking at a group level. 16
Fiber tracking process 17
Defining of the tracking regions 18
The seed position of the STN was defined manually in the quantitative QA map. For the QA 19 space as a diffusional space, it is more susceptible to spatial warping according to the 20 encoding direction during data acquisition relative to structural images such as T1 and T2 21 (Andersson and Skare, 2010; Bhushan et al., 2012) . For this reason, segmentations based on 22 modalities (such as T1/T2) other than the diffusion images would potentially induce spatial 23 bias due to different trends in warping. As fiber tracking would be ultimately performed in 24 the QA space, we chose to segment the STN based on the QA map. 25
The STN was outlined in the QA map in the coronal planes and then checked in other planes 26 and with 3D renderings by visualization in the DSI-Studio software. As the signal of the STN 27 was visually prominent in the QA map ( Fig. 2 ), for this facility, segmentation was performed 28 with the following protocol which was similar to the previous literature (Pelzer et al., 2013) . 29
In the anterior to posterior direction, the STN could be observed on the top of the substantia 30 nigra. The main axis of the STN was tilted approximately 45° upward relative to the 31 horizontal axis. In order to make sure the reliability of the segmentation, we had two 32 experienced neurologists perform the manual segmentation in a voxel-by-voxel manner with 1 the same protocol. The area that overlapped between the two neurologists was used as the 2 STN outline for the fiber tracking. After, we adopted the intra-class correlation coefficient 3 (ICC) for the absolute agreement between raters concerning the volume of the segmentation 4 and the shared voxels overlap rate to quantify the reliability of defining the STN. Here, the 5 overlap rate was defined as the percentage of the overlapped region compared with the 6 segmentation of the first operator (Forstmann et al., 2012; Keuken et al., 2013) . 7
Considering that this study focused only on the input pathway from the basal ganglia to the 8 cerebellum, combined with ROIs of either the middle cerebellar peduncle or inferior 9 cerebellar peduncle (HCP842 white matter atlas, an atlas available within DSI-Studio 10 software), only fibers that passed through the input pathway were included for further 11 observation. Aside from these regions, during the tracking of the STN-cerebellum 12 connections, a region of avoidance (ROA) was used to restrict the tracking field to the 13 brainstem and the posterior cranial fossa. Fiber tracking processes were performed to the 14 individual preprocessed data and group averaged data. 15
Robustness analysis before the fiber tracking 16
To objectively evaluate the deviation resulting from different QA thresholds used in 17 extracting fiber tracts of the STN-cerebellum connection, various QA values were tested as a 18 robustness analysis before analysis of the structural and network properties. We tested 19 multiple QA thresholds from higher values that could not visualize the pathway to lower 20 values which typically resulted in artifacts. We found that in the STN-cerebellum pathway, 21 decreased QA thresholds did not always result in an increased fiber account, and the optimal 22 QA threshold differed between the L-STN and R-STN in most cases and the group averaged 23 data ( Fig. 2 ). This was due to lower thresholds typically inducing a higher percentage of the 24 artifacts, but decreasing the percentage of valid connections. Thus, when the seed accounts 25 are equal, a lower threshold would generate more artifacts but less valid fibers would be 26 acquired. After we excluded the artifacts by defining the ROA according to their anatomical 27 pattern, less valid connections would be residual, and this would result in a decreased fiber 28 account. Thus, a peak of fiber account could appear when we go from a lower QA value to a 29 higher QA value (Fig. 2 ). 30
Tracking parameters 31
Besides the threshold, other tracking parameters were as follows: angular threshold = 90, step 1 size = 0.5, smoothing = 0.8, min length = 5.0 mm, max length = 300.0 mm, with the tracking 2 algorithm trilinear and streamlined. The tracking process was set to terminate if the seed's 3 number was 500000. The tracking results were used for further connectometry analysis. 4
Tract-based analysis of STN-cerebellum pathway 5
Trajectory and endpoints 6
The tracts were marked to the 2D QA image for better visualization of the spatial relationship 7 of nearby structures. The endpoints of the tracking results were exported to the MNI space. 8
With the SUIT toolkit (http://www.diedrichsenlab.org/imaging/suit_download.htm), 9 endpoints located between the white surface and pial surface were projected to the surface of 10 the SUIT atlas and visualized on a flat map. Using this method, we profiled the trajectory of 11 the STN-cerebellum pathway, with special attention to which cerebellar subregions the STN 12 terminated in. 13
Comparing the network properties of L-STN & R-STN 14
To judge the strength of the connections between L-STN or R-STN with the cerebellum, the 15 number of seeds were equally set to 500000 during each fiber tracking. Apart from using 16 graph visualization method to find the strongest hub, the value of the normalized QA (nQA) 17 and the tracts' account were compared between the L-STN and R-STN with paired t-test or 18 rank sum test depending on the distribution of the data. Likewise, we used the asymmetry 19 index (AI) (Piervincenzi et al., 2016) to define the side-dominance of the STN, which was 20 defined as 21
AI = (R-L)/(R+L). 22
In order to evaluate the degree of asymmetry more comprehensively, we introduced two 23
indices. The first is the AI under the dominant QA which uses the single larger optimal QA 24 threshold on one side (dAI). The second is more conservative, evaluating the AI by the 25 largest fiber accounts regardless of QA threshold (cAI). 
Analysis of cortico-STN-cerebellar pathways 31
In order to determine the most relative pathway in projections between the STN and all the 1 subregions of the global cerebral cortex, using fibers' account, we performed a Pearson's 2 correlation analysis between each subdivision of the STN-cerebellum connections and each 3 subdivision of the global cortico-STN connections parcellated according to cerebral 4 subregions. Here, the STN-cerebellum connections were parcellated into 8 groups of 5 subdivision fibers (fibers from R-or L-STN, to R-Crus I, R-Crus II, L-Crus I, L-Crus II, 6 respectively), while the global cortico-STN connections were parcellated according to the 7 Brainnetome Atlas (a total of 246 brain regions, http://atlas.brainnetome.org/download.html) 8
after the fiber tracking of the STN-whole cortex seeding. As only fibers from the cerebral 9 regions to the STN were observed, we set the whole axial layer 2 mm lower than the STN as 10 a ROA. The fibers corresponding to the positive findings in the correlative analysis were 11 further visualized through fiber tracking. 12
To further estimate the continuation of fiber tracts from a cortical source (i.e., the cortical 13 region associated with the above-detected fiber) through the STN to the cerebellum, we 14 performed additional fiber tracking analysis using the above-detected cortical region and the 15 M1 region respectively as the single seed with the optimal QA threshold of the STN, and 16 subsequently evaluated the existence of continuous fibers from the cortical source to the 17 cerebellum through the STN. 18
Results
19
The projections of the STN to the cerebellum were visualized bilaterally in all cases, with 20 examples shown in Fig. 3 . Using the high-quality HCP diffusion MRI dataset, the fiber 21 trajectory and the mediating nucleus of the STN-cerebellum pathway were delineated, and 22 the endpoint distribution was also estimated. Connectional dominance of the R-STN was 23 observed in the asymmetry study. Furthermore, the number of pathways from mesial 24
Brodmann area 8 to the STN was positively correlated with the number of fibers from the 25 right STN to Crus I. 26
Reliability of the STN segmentation 27
Intra-observer reliability was high across 60 STN regions of the 30 participants. In the 28 present study, across the 60 STN regions of the 30 participants, the ICC of the protocol was 29 0.955 (95% confidential interval: from 0.774 to 0.983); the overlap rate was 81.58% ± 6.46%, 30
indicating that overall, the parcellation protocol in the present study was relatively reliable. 31
The coordinates and volumes of the STN regions of all the subjects in the individual space 1 were provided in Table 1 . to join the bilateral middle cerebellar peduncle and distribute to the bilateral cerebellar. A 10 schematic picture (Fig. 4a ) has been drawn to illustrate this pathway in human beings. 11
Endpoints and fibers' distribution 12
Endpoints were estimated by evaluating the termination of the diffusion signal between the 13 pial and white matter surface to the flat map (Fig. 3&5) . In the individual level analysis, 14
fibers from the right STN were observed to connect to the bilateral cerebellum in 27 subjects, 15
while for the remaining three subjects, fibers from the right STN were observed to connect to 16 only the left cerebellum. Fibers from the left STN were observed to connect to the bilateral 17 cerebellum in 16 subjects, and fibers were observed to connect to only the left cerebellum in 18 six subjects. For the remaining eight subjects, fibers from the left STN could not be detected 19 when the optimal QA threshold determined by dAI was used. As individual deviations were 20 frequently observed, we further studied the distribution of the L-STN and R-STN mainly 21 according to the group averaged data. In general, the total amount of fibers from the R-STN 22 was almost four times the amount of the L-STN. Additional investigation of the fiber 23 composition revealed that 78.03% of the fibers from the R-STN and 62.54% of the fibers 24 from the L-STN distributed to Crus I, while 20.77% of fibers were from the R-STN to Crus II. 25
However, region VI (it was observed that 37.46% of fibers from left STN distributing to 26 lobule VI, while these fibers constituted only 6% of the whole STN-cerebellum pathway), 27
instead of Crus II, was observed to have the second largest termination of the fibers from the 28 L-STN. Regarding the decussation issue, 91.55% of the fibers from the R-STN decussated to 29 the left cerebellum, while only 8.45% of the R-STN fibers were ipsilaterally distributed to the 30 right cerebellum. Similarly, the ratio of the decussated and uncrossed fibers of the L-STN 31 were 76.68% and 23.32%, respectively. A minimal amount of connections fell out to other 1 regions ( Fig. 5 ). 2
Connection asymmetry of the L-STN & R-STN 3
During the fiber tracking process, we tested all possible QA thresholds respectively to the 4 visualization of the L-STN and R-STN-cerebellum pathway, and found that the QA threshold 5 that best visualized the pathway, or the optimal QA, was frequently higher in the R-STN 6 (0.055±0.030) compared to the left (0.048±0.023), and the difference was statistically 7 significant (t(29) = 2.644, p = 0.013) ( Fig. 6) . 8
As the larger QA value was typically associated with better anisotropy, we first adopted the 9 single larger optimal QA threshold of the two sides (or the dominant QA) to visualize the 10 bilateral STN-cerebellum pathway and further calculated its asymmetry index (AI) under the 11 dominant QA (dAI). We found that among the 30 individual participants, 18 (60%) of them 12
were R-STN dominant (dAI: 0.79 ± 0.26), seven (23%) were L-STN dominant(dAI: -0.59 ± 13 0.27), and five (17%) were relatively symmetric between the two sides (dAI: 0.09 ± 0.14, 14
individual values of -0.15, 0.07, 0.15, 0.18 and 0.19) ( Fig. 6 ). 15
In eight cases under the dominant QA, no fibers could be visualized on the left STN. Thus, 16
we conservatively calculated the AI (cAI) by the fiber accounts respectively with the optimal 17 QA value of each side, or the largest fiber accounts across all the fiber tracking trials of the 18 side. We were still able to observe R-STN dominance in 16 (53%) of the participants (cAI: 19 0.57 ± 0.20), L-STN dominance in nine (30%) of the participants (cAI: -0.55 ± 0.19) and a 20 relative symmetric distribution in the remaining five participants (cAI: 0.01 ± 0.11, individual 21 values of -0.07, -0.14, 0.07, 0.14, 0.06) ( Fig. 6) . 22
The normalized QA (nQA) was also taken as the index to evaluate the diffusion ability across 23 different subjects in this study. Here, the nQA was the QA value normalized by rescaling the 24 largest QA value to equal one, to enable the comparison between participants. In each 25 participant, this nQA was calculated along the tracts visualized under the optimal QA of each 26 side, and the nQA was observed to be larger on the right side (0.177 ± 0.043) relative to the 27 left side (0.169 ± 0.036) over the 30 subjects. As these indices were distributed normally, a 28 further t-test revealed that the t value, p-value and degree of freedom were 2.122, 0.042 and 29 29 respectively (Fig. 6) . 30
Correlation coefficiency between the STN-cerebellum connection and the global 1 cortical-STN connection 2
Across the 30 participants, each of the STN-cerebellum connections (evaluated by the 3 number of pathways) were compared with the global cortical-STN connections using a 4
Pearson's Correlation, and the result was that among all the 8 groups of STN-cerebellum 5 connections, fibers from the right STN to left Crus I correlated with the STN connections 6
with A8m (Correlation coefficient=0.43, P<0.05). Whereas between each subdivision of the 7
STN-cerebellum connections and each subdivision of the motor area-STN connections 8
parcellated according to the Brainnetome Atlas, the correlation coefficients were all less than 9 0.01, which suggested no obvious correlation between the motor area-STN connections and 10 STN-cerebellum connections. By using ROIs of the A8m and the STN, we visualized the 11 cortico-STN-cerebellar pathway shown in Figure 4b . 12
We further performed continuation analysis, with mPFC or using right/left M1 as the single 13 seed region to do fiber tracking, without introducing a second ROI. The results showed the 14 existence of fiber tracts originating from right mPFC to bilateral Crus I (mainly to left Crus I) 15
through R-STN. The opposite fiber tracts also existed with a relatively smaller number of 16 pathways (Figure 4f ), while M1 fibers that distributing to the cerebellum did not pass through 17 the STN (Figure 4g) . 18 19 
Discussion
20
In the present study, we provided details of the anatomical features of the STN-cerebellum 21 pathway in humans, identified the lateralized network properties, and evaluated the most 22 relative cerebral network. Mediated by the pontine nucleus, the STN fibers were mainly 23 found distributed to Crus I/II regions. In stepwise, the network quantitative analysis of this 24 study revealed the dominant properties of the R-STN in the network. The connection from R-25 STN to left Crus I was found to be correlated with the connection from the A8m to R-STN, 26 or the hyperdirect pathway, involved in the decision-making process (Cavanagh et al., 2011; 27 Volz et al., 2005) . 
The existence of the STN-cerebellum connections in human 29
In the present study, we were able to present an STN-cerebellum connection distributed to the area. Concerning the mediating nucleus, by observing the directional change of the fiber at 1 the location of the PN (Fig. 4e ), we postulate that the PN plays a mediating role between the 2 STN and the cerebellum, which is consistent with that observed in primate studies (Bostan et 3 al., 2010) . Thus, according to these observations, we could imply that direct basal ganglia-4 cerebellum connections also exist, and the basal ganglia and the cerebellum are in an 5
anatomical uniform system in humans and primates. 6
The VI region of the cerebellum was found to be involved in both motor and non-motor 7 function. However, as the fibers to this region only constituted 6% of the STN-cerebellum 8 network, it is still not clear whether this is a definite termination. 9
The R-STN dominance, Crus I/II and accumulative decision-making 10
In this study, the nQA was larger and the connections were stronger on the right side. Thus, 11
we concluded that the pathway might have a right-side structural dominance, and this 12
property of asymmetry would serve as the basis for functional lateralization. 13
Several studies have reported the right-sided dominance of STN functions in recent years; 14 overall, such notions were predominantly related to the emotional and cognitive areas. 15
Recorded by microelectrodes, the R-STN was found to be physiologically responsive to the 16 emotive auditory stimulation; in contrast, similar electrical activity was not observed in the 17 L-STN with the same task (Eitan et al., 2013) . 18
More frequently than emotive stimuli, there is research supporting accumulative evidence-19 based choices being lateralized to the R-STN. A functional MRI study has revealed that 20 during these conflict states, increased activity is observed exclusively in the R-STN 21 (Mansfield et al., 2011) . Likewise, by observing the functional connectivity of 154 healthy 22 controls, a study was able to show that the regulation of accumulate evidence-based choices 23 was lateralized to the R-STN (Voon et al., 2017) . 24
Clinical observations also align with the theory that the STN is involved in conflict-choice 25 tasks. Among patients with OCD, the reaction times of decisions are usually longer. However, 26
DBS of the STN can overcome this abnormal behavior. In a randomized controlled trial, DBS 27 of the STN was shown to be effective in OCD (Mallet et al., 2008) . Likewise, another study 28 provided further evidence that increased conflict typically boosts the threshold for decision-29 making and increases theta activity in the mesial prefrontal lobe; however, DBS of the STN 30 could reverse this activity and make the process of decision-making more impulsive 31 (Cavanagh et al., 2011) . Though the mechanism of the process is not completely understood, 32 the aforementioned evidence supports the notion that exposure to an accumulative evidence-1 based environment results in the STN, especially the R-STN, being involved during the 2 decision-making process. 3
The present study revealed that the endpoints of the STN-cerebellum connections were 4 mainly distributed to Crus I/II in humans, especially Crus I. According to previous literature, 5
Crus I/II are mainly implicated in the handling of non-motor tasks (such as working memory, 6 language, and emotion processing) (E et al., 2014) . Moreover, until recently, cerebellar 7 involvement in the decision-making process was discovered by a recording and perturbation 8 study in a rodent model. In line with the results of the current study, the region proposed in 9
their study was Crus I, which was reactive to the decision task (Deverett et al., 2018) . 10
Structural theory of the STN and accumulative decision-making 11
Currently, knowledge of the structural bases of the decision-making task is mainly confined and the dPFC has been implicated to probabilistic inference tasks (Voon et al., 2017) . As the 20
A8m is involved in decision making, and the A8m-STN pathway is recognized as the 21 hyperdirect pathway involved in the decision-making process (Cavanagh et al., 2011; Volz et 22 al., 2005) , by proving that the STN-Crus I connection correlated with the A8m-STN 23 hyperdirect pathway and the fiber continuation analysis, it might be inferred that the STN- The present study has some limitations. Individual STNs project crossing and uncrossing 30 fibers to the contralateral and ipsilateral cerebellum. Therefore, lateralization within an STN 31 of a specific side with the cerebellum is possible. To analyze this in further detail, however, 1 we would need to divide the 30 participants into four possibilities (crossing and uncrossing 2 for left and right STN). Under these conditions, the sample size of the dataset is not large 3 enough. Furthermore, as the present study focused on exploring the structural basis 4 underlying the potential hubs of decision-making, functional MRI was not covered currently. 5
Besides, as tracts of high angular resolution images are based on reconstruction, they are only 6 an indirect visualization of the neuron fibers, rather than a gold standard for visualizing these 7 connections, which is a common limitation to most tractography-based investigations. To shown in magenta. c. Fibers to the cerebellum from the STN were immediately incorporated 32 into the cortical pontine tract after the origination. d. The white outline profiles the pontine 1
nucleus. An obvious angular transition can be clearly identified at the location of the PN 2 before the bifurcation into the cerebellum, suggesting that the PN might play a mediating role 3 in the STN-cerebellum pathway. e. The portion of the STN connected with the hyperdirect 4 pathway also connected to the cerebellum. The fiber coursed at the medial posterior portion 5 of the cerebral peduncle, descended towards the PN, and further distributed to bilateral 6 cerebellum through the middle cerebellar peduncle. f. Tracking results using mPFC as the 7 seed (coronal sections have been shown) with an optimal QA threshold of R-STN, showing 8 the existence of fiber tracts originating from a cortical source (mPFC) through the STN to the 9 cerebellum. g. The analysis result showed the existence of fiber tracts originating from mPFC 10 (green and blue) to the cerebellum through STN, while fiber tracts originating from M1 (cyan 11 and yellow) distributed to the cerebellum without passing through the STN, indicated that M1 12 fibers contributing to the hyperdirect pathway did not distribute to the cerebellum. STN: 13 subthalamic nucleus; CP: cerebral peduncle; PN: pontine nucleus; MCP: middle cerebellar 14 peduncle; CPT: cortical pontine tract. 15 Tractographies showing the trajectory from the STN to the cerebellum. Flatmaps showing 20 that the endpoints of the pathway mainly distributed to the region of Crus I/II. A small 21 amount of left STN fibers were seen to fall into the region of VI. d. Circular graph is showing 22 that overall, the right STN-cerebellum pathway is much stronger than that of the left, and the 23 right STN-left Crus I connection composed the largest portion of the STN-cerebellum 24 connection, followed by connections from the right STN to left Crus II, and left STN to right 25
Crus I, respectively. Fibers to area VI in b. constituted only 6% of the STN-cerebellum 26 connection. 27 Fig. 6 Results of lateralization. According to the robustness study, the optimal QA was 28 generally different between the left and right sides of the STN in same participant. a. Boxplot 29 of the optimal QAs across all the participants. Although there are only small differences in 30 values, further t-tests indicated that this was statistically significant (t value: 2.644; p value: 31 0.013). b. dAI results: Judging by the criteria of ±0.2, among the 30 participants, 18 (60%) of 32 them were right STN dominant, seven (23%) were left STN dominant, and the remaining five 33
